Besides colour and intensity, some invertebrates are able to independently detect the polarization of light. Among vertebrates, such separation of visual modalities has only been hypothesized for some species of anchovies whose cone photoreceptors have unusual ultrastructure that varies with retinal location. Here, I tested this hypothesis by performing physiological experiments of colour and polarization discrimination using the northern anchovy, Engraulis mordax. Optic nerve recordings showed that the ventrotemporal (VT), but not the ventro-nasal (VN), retina was polarization sensitive, and this coincided with the exclusive presence of polarizationsensitive photoreceptors in the VT retina. Spectral (colour) sensitivity recordings from the VN retina indicated the contribution of two spectral cone mechanisms to the optic nerve response, whereas only one contributed to the VT retina. This was supported by the presence of only one visual pigment in the VT retina and two in the VN retina, suggesting that only the VN retina was associated with colour sensitivity. Behavioural tests further demonstrated that anchovies could discriminate colour and the polarization of light using the ventral retina. Thus, in analogy with the visual system of some invertebrates, the northern anchovy has a retina with segregated retinal pathways for colour and polarization vision.
Introduction
Light is composed of photons, each an electromagnetic wave with electric and magnetic fields oscillating perpendicular to each other and to the direction of propagation. The polarization of light refers to the predominant plane of electric field oscillations of the photons that comprise it. If all the photons oscillate in the same plane, light is 100% linearly polarized in that plane. Diffuse, unpolarized (0% polarized) light from the sun becomes partially polarized in many ways, including scattering by particles in the atmosphere and water, reflections from smooth surfaces, and passage through optically active materials [1, 2] . This results in an array of signals that animals with polarization-sensitive visual systems can detect and use for a variety of purposes including orientation, prey capture, predator avoidance and communication [1, [3] [4] [5] [6] .
Polarization sensitivity, or the ability to sense the orientation of the electric field (E-vector) of polarized light, is a capacity primarily associated with invertebrate visual systems [1,7 -9] . In invertebrates, the photoreceptors, or retinular cells, are equipped with microvilli that are sensitive to the polarization of naturally incident illumination travelling along the photoreceptor's axis. This so-called axial dichroism is possible because the visual pigment chromophores, which are the molecules bound to the visual pigment proteins (opsins) that absorb light to begin the process of vision, have a preferential axis of absorption along their lengths, and in invertebrates these are confined to the microvillar planes [10] . In many insects and crustaceans, neighbouring retinular cells project microvilli that are perpendicular to each other, forming orthogonal sets of axially dichroic photoreceptors. Although the microvillar arrangement between retinular cells can vary from stacked to non-overlapping, most invertebrates with both colour and polarization vision that have been studied have a & 2017 The Author(s) Published by the Royal Society. All rights reserved. segregated retina that independently detects and processes these two attributes of light [1, [7] [8] [9] .
Among vertebrates, with the exception of some humans [11] , whose polarization sensitivity manifests itself as Haidinger's brushes to no practical significance, the only species with a demonstrated photoreceptor basis explaining their polarization sensitivity are anchovies in the family Engraulididae [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Reports of polarization sensitivity in other vertebrates are controversial [22] [23] [24] [25] and the photoreceptor detection models to explain such sensitivity are speculative [26] . It is only in anchovies where a detection model based on axial dichroism of cone photoreceptors has been confirmed using side-on measurements of polarized light absorbance showing maximal absorption for polarization along the outer segment's length [21] . Unlike the cone photoreceptors in other vertebrates, where the visual pigment-laden outer segment lamellae are oriented transversely to the photoreceptor's axis, those of some anchovies are oriented parallel to the photoreceptor's length [12, [14] [15] [16] [17] [18] [19] [20] [21] . Such a structural specialization makes these photoreceptors sensitive to the polarization of incident light as the visual pigment chromophores are confined to the plane of the lamellae [21] . In other vertebrates, cone visual pigments are believed to form a randomized distribution of chromophore orientations with respect to physiological illumination, as the visual pigments are free to rotate and translate in the plane of the membrane [27] . This would render the cone's outer segment insensitive to polarization, which agrees with results from studies that examined axial light transmission through single cones (with circular cross section) [28] or the response of associated retinal mechanisms [29] . It is noteworthy, however, that studies of polarized light transmission through isolated photoreceptors [28, 30, 31] may suffer from experimental artefacts, because the in situ orientation of the cell and its structure are inevitably altered during experimental manipulations. Consequently, these studies, which report minute differences in the signal measured, cannot be regarded as flawless evidence supporting any polarization detection mechanism. Lately, it has been suggested that rhodopsin dimers in mouse rods are organized into rows parallel to the photoreceptor's incisures, and this would have implications for polarization sensitivity of the cell [32] . However, studies of axial light transmission through isolated rod photoreceptors [31] or of polarization sensitivity using live, dark-adapted fishes (when only rods area active) [29] have failed to find any polarization-induced signal modulation. Thus, there is no support at present for any proposed hypothetical molecular mechanisms [26] .
During the last decade, studies of anchovy photoreceptors have revealed an assortment of unique cone types that define various retinal domains [13, 15, 16, 18] . Cones with longitudinally oriented lamellae are found only in the ventro-temporal (VT) retina, and consist of rows of alternating long and short cones (the latter with bilobed outer segments) that have lamellae perpendicular to each other and to the incident illumination [15, 16, 18] . These cones form an orthogonal set of polarizationsensitive photoreceptors [21] and, in the northern anchovy, Engraulis mordax, mediate polarization sensitivity at the level of the optic nerve [20] . Other areas of the retina have cones with, primarily, transversely oriented lamellae, and unusual triple cones, consisting of a small single cone flanked by two large lateral cones, are found in the ventro-nasal (VN) and dorsal retina [15, 16, 18] . Because of these morphological specializations and the presence of multiple, differentially expressed opsins within the cone population [15, 17] , it has been hypothesized that such anchovies have segregated pathways for colour and polarization vision [15, 16, 18] . Here, I test this hypothesis by probing the sensitivity of the northern anchovy to colour and the polarization of light using electrophysiological recordings. I also investigate the animal's colour and polarization discrimination capabilities using behavioural methods. The results demonstrate the first instance of a vertebrate retina with segregated colour and polarization visual pathways.
Material and methods
All details of material and methods are in the electronic supplementary material.
Results (a) Visual pigments in morphologically distinct regions of the ventral retina
Viewed under a dissecting microscope, the northern anchovy retina shows a restricted area in the VT region that reflects green light (figure 1a,b). This reflectance is due to the optical properties of crystal platelet stacks, which are solely associated with the outer segments of the axially dichroic cone rows [15] . In other retinal areas, the crystals form needles and platelets, do not preferentially reflect green light, and the surrounding cones lack longitudinally oriented lamellae. The VN retina, in particular, is populated by triple cones with transversely oriented lamellae [15] . Measurements of absorbance from the outer segments of isolated photoreceptors revealed that the central and lateral cones in the VN retina had maximal absorbance (l max ; mean + s.d.) at 556 + 15 nm (n ¼ 19) and 518 + 7 nm (n ¼ 30), respectively (figure 1c). The short and long cones of the VT retina had l max at 514 + 8 nm (n ¼ 21) and 516 + 6 nm (n ¼ 23), respectively (figure 1d). In both regions, the rod visual pigment had l max at 501 + 5 nm (n ¼ 33). The l max of the central cone was significantly different from the others (ANOVA, F ¼ 82.8, p , 0.0001). The l max of central and lateral cones differed by a mean of 38 nm.
(b) A dedicated area for polarization sensitivity
To assess whether the difference in cone morphologies between ventral regions (figure 1c,d) translated into a dedicated polarization-sensitive area in the VT retina, I recorded optic nerve responses from live anchovies to a 500 ms polarized light flash when the spot of light (4 mm in diameter) was incident on the VT versus the VN retina [33] . The optic nerve response consisted of compound action potentials following the onset (ON) and termination (OFF) of the light stimulus (figure 2a). I restricted my analysis to the ON response as the OFF component was not always detected in all trials for proper curve fitting and statistical analyses (figure 2a). Under a diffuse, unpolarized light background (electronic supplementary material, figure S1a), and with the stimulus wavelength (l) kept constant at 500 nm and incident on the VT retina, rotation of the polarizer yielded a 1808 periodic curve with maximum response to horizontal polarization (08 E-vector, figure 2b). With the polarizer removed from the stimulus, responses to light flashes in the range 360-rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170759 maximum at 520 nm and no appreciable sensitivity below 400 nm or above 630 nm (figure 2c). By contrast, under the same background but with the stimulus incident on the VN retina, no significant variation in sensitivity was detected with polarizer rotation (figure 2d ), and the spectral sensitivity response was broader and had two main peaks, at 500 and 540 nm (figure 2e). Adaptation to a 550 nm long pass background (electronic supplementary material, figure S1b) resulted in a new function peaking at 500 nm (figure 2f ), and the difference between the two functions (i.e. data in figure 2e minus data in figure 2f ) showed an increase in relative sensitivity at 480 nm following adaptation to the 550 nm long pass background (figure 2g). Thus, at least two different cone mechanisms contributed to the spectral sensitivity of the VN retina. In summary, the VT but not the VN retina showed polarization sensitivity, and the differences in spectral sensitivity correlated with the number and spectral properties of the visual pigments found in each retinal region.
To gain insight into the cone mechanisms underlying polarization sensitivity in the VT retina, I selectively adapted the long or short cone mechanisms by continuously illuminating horizontal or vertical (908 E-vector) polarized light (electronic supplementary material, figure S1a) through the stimulus channel. This was achieved by returning the polarizer to its adapting, background position (horizontal or vertical) in between stimulus flashes at specific polarizer orientations. Because the long and short cone lamellae in the mid-VT retina align, respectively, with the horizontal and vertical directions [15] , such polarization backgrounds isolated the action of either cone type by depressing the absorbance of the other. Under horizontal polarization adaptation, sensitivity to E-vector was 1808 periodic and maximal to vertical polarization (figure 2h). The mean ratio between vertical and horizontal polarization sensitivity was 1.45. Under vertical polarization adaptation, sensitivity to E-vector remained 1808 periodic but was maximal to horizontal polarization (figure 2i), as found under the unpolarized background (figure 2b). The mean ratio between horizontal and vertical polarization sensitivity was 2.08, which was smaller than that obtained under the unpolarized background (2.84; figure 2b ). Together, these results indicate that polarization sensitivity of the northern anchovy arises from a negative interaction between the long and short cone mechanisms, with greater sensitivity of the long cone mechanism. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170759 capabilities requires behavioural testing. Using operant conditioning, free-swimming anchovies were trained to choose the downwelling, unpolarized emission of paired blue LEDs over that of red LEDs, or a 100% polarized light field over an unpolarized one (electronic supplementary material, figure S1c,d), when either set of cues were present on opposite halves of an aquarium (figure 3). In single trials, all anchovies (n ¼ 9) tested chose to swim in the aquarium side dominated by the blue LED light, and this choice was independent of intensity or set-up geometry (figure 3a-d; electronic supplementary material, movies S1 and S2). The orientation of the anchovy while swimming under unpolarized light conditions was approximately horizontal, with steady movement back and forth along the entire aquarium under full spectrum conditions (figure 3a,b,e,j; electronic supplementary material, movies S1, S3 and S4). When presented with a 100% polarized versus an unpolarized light field, anchovies (n ¼ 6) unanimously preferred to swim under the polarized light field (figure 3f -h; electronic supplementary material, movies S3 and S4). The swimming behaviour under polarized light was different from that under unpolarized conditions, with the anchovies performing oblique loops with forward thrusts oriented at approximately 458 to the horizontal and with the flank parallel to the length of the aquarium ( figure 3f -i) . Thus, northern anchovies discriminated colour and the polarization of light using the ventral retina, and the swimming behaviour was distinct between unpolarized versus polarized conditions.
Discussion (a) An unusual vertebrate retina for independent colour and polarization vision
This study demonstrates that the ventral retina of the northern anchovy is functionally segregated for independent colour and polarization vision. Such compartmentalization is, so far, unique among vertebrates, and only finds its equivalent in the retinas of arthropods [3, 4, [7] [8] [9] . In some of these species, polarization-sensitive photoreceptors are structurally different from those that mediate colour discrimination, express a single pigment versus multiple visual pigments, and occupy different areas of the retina [4, [7] [8] [9] . In similar fashion to the polarization sensitivity responses recorded from insect interneurons [7] , the optic nerve polarization signal of the northern anchovy was 1808 periodic and probably arose, as in the insect case, from a negative interaction of the two structurally driven photoreceptor inputs that have orthogonal polarization sensitivity.
In the vertebrate retina, the optic nerve ON response is determined by excitatory input from ON bipolar cells onto ganglion cells. Amacrine cells modulate bipolar activity through inhibitory synapses and can reverse the ON bipolar output [34] . The required antagonism between the long and short cone mechanisms to produce the observed polarization responses at the level of the optic nerve would require only an amacrine cell that reversed the output of the bipolar rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170759 connected to the short cone. The output of such circuitry predicts amplification in response modulation when both cone mechanisms are active in comparison to when only one is active, as was observed. Such a model is also consistent with immunohistological investigations of the VT retina in the European anchovy, Engraulis encrasicolus, where multiple cone bipolar cell types, some contacting amacrine cell terminals, mediate convergence of cones onto ganglion cells [35] .
(b) Behaviour demonstrates colour and polarization discrimination mediated by the ventral retina
Free-swimming anchovies discriminated between LEDs of different spectra (blue versus red), and between a 100% linearly polarized downwelling light field and an equivalent unpolarized light field of the same intensity. Colour discrimination by free swimming northern anchovies was proposed in a previous study [36] , though lack of intensity controls in the relevant experiments did not permit such a conclusion. The present study is also the first to demonstrate behavioural discrimination of polarized light by an anchovy. Both these results are in accordance with the observed functional capabilities of the ventral retina.
The electrophysiological results strongly suggest that colour discrimination was mediated by the VN retina, whereas polarization discrimination arose from the VT retina. As in the Japanese anchovy, Engraulis japonicus, whose visual pigments have been examined by microspectrophotometry [17] , these visual modalities were probably mediated by the differential expression of middle (RH2) and long (LWS) wavelength opsins within individual cones [15, 17] . However, the opsin repertoire may be quite different between anchovy species. For instance, the l max of the central cone was beyond that predictable for any visual pigment based on the LWS opsin reported for the Japanese anchovy [17] . Also different with this species was the greater l max of the central cone compared with that of the lateral cone. The axially dichroic long and short cones of other anchovies also have the same l max , but this value differs between species [17, 21] . The present findings and previous immunolabelling results [15] indicate variation in opsin ratios between the different cone types in the northern anchovy retina.
The swimming behaviour of the northern anchovy changed from a slow, horizontal progression when experiencing unpolarized light to looping paths characterized by upward launches at approximately 458 and with the flank parallel to the length of the aquarium when under downwelling polarization. Because the E-vector was oriented along the width of the aquarium, such inclination when swimming upwards would maximize the area of VT retina stimulated by the polarized light field and align the lamellae of long cones with the Evector. The same thrusting behaviour at an inclined angle was observed when feeding on mysids during the training trials. It is therefore likely that this behaviour is used in nature by the northern anchovy to improve contrast of zooplankton prey, as anchovies are found near the water surface at different times of the day [37] . Zooplankton have chitinous exoskeletons which would disrupt the polarized background [38] , sensed primarily by the long cones, enhancing instead the activity of the short cones. The differential signal from both cone mechanisms is expected to maximize target contrast and improve foraging performance. 
